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EFFECT OF P R E C I P I T A T I O N  OK WIND TURBINE PERFORMANCE 

Robert D. Corrlgan 
National Aeronautics and Space Admlnistrat ion 

Lewis Research Center 
Cleveland, Ohio 44135 

and 

Richard 0. DeHigl lo 
Sverdrup, Inc. 

Mlddleburg Heights. Ohio 44130 

SUMMARY 

Durlng performance tes t i ng  on the #ASA/DOE Mod-0 100 kW wind turbine, a 
decrease i n  r o t o r  power was noted dur ing adverse weather condit ions ( ra in .  
snow, etc . ) .  A review o f  the t e s t  resu l t s  ind icated t h i s  decrease could be 
a t t r i b u t e d  t o  the e f fec ts  o f  p r e c i p i t a t i o n  on the ro to r .  
i n  performance was s ign l f i can t ,  add i t iona l  t es ts  were run t o  measure and com- 
pare the ro to r  power w i t h  and wl thout  p rec lp i t a t i on .  This repor t  presents 
both the experlmental and ana ly t i ca l  analys is  of the e f fec ts  o f  p r e c i p i t a t i o n  
on wind turb ine performance. 

Because the  decrease 

l h e  tes ts  were conducted on the two-bladed Mod-0 hor izonta l -ax is  wind t u r -  
b ine w l t h  three d i f f e r e n t  r o t o r  conf igurat ions.  Experimental data from these 
tes ts  are presented which ind lca te  tha t  r a i n f a l l  degraded the performance o f  
a l l  three ro to rs .  L igh t  r a i n f a l l  degraded performance by as much as 20 percent 
a t  higher windspeeds whi le  heavy r a i n f a l l  degraded performance by 3s much as 
30 percent. 
percent a t  low windspeeds. 

Snow mixed w l th  d r i z z l e  degraded performance by as much as 36 

l h e  theore t ica l  analysls which was used t o  p red ic t  the e f f e c t  of r a i n  on 
wind turb ine performance was based on a blade-element/momentum code w l t h  a i r -  
f o i l  charac ter is t i cs  modif led t o  account f o r  the e f f e c t  o f  ra in .  The predic-  
t ions  were made f o r  one of the tnree r o t o r  configurations tested and ind icated 
a loss t n  performance of 31 percent a t  h igh wlndspeeds w i t h  moderate r a i n f d l l  
ra tes.  These predlc ted r e i u l t s  agreed we l l  w i t h  experimental data. 

INTRODUCTION 

Wind turbines operate i n  the open environment, hence they are exposed t o  
various weather condit ions ( ra in ,  snow, e tc . ) .  Recent tes ts  a t  the Mod-0 wind 
turb ine s i t e  have Indicated tha t  the performance o f  the machine, measured as 
power output as a func t ion  o f  windspeed, decreased during ra iny  weather condi- 
t ions  as compared t o  operation wi thout  ra in .  This phenomenon, I f  character is-  
tic o f  a l l  types o f  wind turbines, may have a s i g n i f i c a n t  e f fec t  on economics, 
espec ia l l y  when turblnes are located i n  predominantly ra lny  environments. 



I n  v i e w  o f  the previous observations, a research e f f o r t  was conducted t o  
study the e f f e c t s  o f  p r e c i p i t a t i o n  on wlnd tu rb lne  performance. 
object lves o f  t h i s  e f f o r t  were: 
on the Hod-0 wind turb ine configured w i t h  three d l f f e r e n t  ro to rs  as a medns of 
evaluatlng the genera l i ty  of  the phenomenon, and (2)  t o  present and eva1l;ate a 
method f o r  ad just ing a i r f o i l  cha rac te r l s t l cs  t o  r a i n  e f f e c t s  t o  provide data 
that  can be used as Input f o r  a rotor-performance p red lc t l on  model. 
f o r  modlfylng the a l r f o l l  cha rac te r l s t l cs  was developed by 3 .  Luers and P. Haines 
a t  the Univers i ty  o f  Dayton Research I n s t l t u t e  ( r e f s .  1 t o  3 ) .  

Specif ic 
(1) t o  quan t i f y  the e f f e c t s  of p r e c l p i t a t i u n  

The method 

This report  compares the measured performance o f  three d l f f e r e n t  wind t u r -  
bine r o t o r  conf igurat ions operated dur lng r a i n y  and dry  weather condi t ions I n  
order t o  provide data about the e f f e c t s  of  r a i n  on wlnd turb ine performance. 
Addi t ional ly ,  the e f fec ts  o f  r a i n  on wlnd tu rb ine  r o t o r  performance were pre- 
d ic ted f o r  one r o t o r  conf igurat ion uslng a blade-element/momemtum code w i t h  
Input a l r f o l l  character ls t ics  m d l f i e d  t o  r e f l e c t  the e f f e c t s  o f  ra in .  F i n a l l y ,  
a comparison was then made between the predlc ted and the actual  r o t o r  perform- 
ance. This comparison was made I n  order t o  evaluate the app l i ca t i on  of  the 
method o f  correct ing a i r f o i l  cha rac te r l s t l cs  f o r  r a i n  e f f e c t s  i n  a ro to r -  
performance p red ic t i on  codz. 

Ef fects  o f  Rain 

R a i n f a l l  has three d l s t l n c t  e f f e c t s  on the performance of  a moving a l r -  
f o i l .  One e f 'ec t  I s  a l o s s  i n  the momentum of  the moving a i r f o i l  as a r e s u l t  
o f  the mass of  raindrops adhering t o  the a l r f o l l  surface which must be accel- 
erated t o  the speed of  the a i r f o i l .  A second e f f e c t  i s  the addi t ional  weight 
o f  the water adhering t o  the a i r f o i l  surface. The t h i r d  e f f e c t  i s  the change 
i n  the condi t ion o f  the a i r f o i l  surface as a r e s u l t  o f  the adherence and Impact 
o f  ralndrops. 

A prel iminary analysis was made of  the Importance of  each of  these three 
e f f e c t s  on wind turb ine r o t o r  performance. 
tum was determined t o  be -1 kH f o r  a 38-m-diameter r o t o r  operating a t  20 rpm 
I n  a r a i n f a l l  r a t e  of  50 m / h r .  The add i t i ona l  weight o f  the adhering water 
had no e f f e c t  on a wind turb ine w i t h  more than one r o t o r  because the r e s u l t i n g  
torques on the blades balanced out a t  the r o t o r  shaft .  
change o f  the a l r f o l l  surface character is t ics ,  cauzed rain-induced roughness 
and appeared t o  have the most s i g n i f i c a n t  Impact on wlnd turb ine appl icat ions.  
This rain-induced roughness or lg inates from three sources: (1 )  waves t h a t  
develop i n  the water- f i lm l a y e r  on the a l r f o l l  surface, ( 2 )  water globules 
that  dot the blade surface when there I s  i n s u f f l c l e n t  r a i n  t o  f o r m  a water 
f i l m ,  and ( 3 )  disturbances i n  the wa te r - f i lm  layer  f rom the Impact o f  
raindrops ( r e f .  1 ) .  

Loss I n  wlnd turb ine r o t o r  momen- 

?he t h l r d  e f fec t .  

SYHBOLS 

CD drag c o e f f i c i e n t  

c0,o drag c u e f f i c i e n t  a t  zero angle o f  at tack 

CL l i f t  c o e f f i c i e n t  
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CL,max maxlmum l i f t  c o e f f i c i e n t  

K s  equlvalent sand g r a l n  height, mn 

L chord length, m 

P1 r o t o r  power, kW 

P i  

p3 a l te rna tor  power, kW 

PL 

r o t o r  power adjusted t o  sea-level standard conditions, kW 

l o c a l  barometrlc pressure, mm Hg 

Po 

'L l oca l  a l r  temperature. K 

T O  standard sea-level temperature, K 

standard sea-level barometrlc pressure, mn Hg 

N 1 d i f fe rence I n  a glven parameter 

a angle o f  at tack,  deg 

a s t a l l  s t a l l  angle o f  at tack,  deg 

6 con t ro l  d e f l e c t i o n  angle, deg 

TEST CONFIGURATIONS AND PROCEDURES 

The t e s t  data presented I n  t h l s  repor t  were taken a t  the OOE/NASA Mod-0 
Horizontal-Axls Wind Tl;rb!ne F a c l l l t y  i n  Sandusky. Ohlo. The Hod-0 wind t u r -  
bine ( f l g .  1) consists o f  a ro to r /nace l le  assembly mounted atop a tubu la r  tower 
w l t h  the r o t o r  ax ls  38 m above the  ground. 
show the e f fec ts  o f  r a l n  co l lec ted  on three r o t o r  conf lgurat lons,  each d l f f e r -  
i n g  I n  t h e l r  t l p  sections and operat lng condl t lons.  A l l  three ro to rs  were 
two-bladed, coned 3". and allowed t o  tee ter  26' .  

The r o t o r  performance data presented 

Rotor Configurations 

The three ro to rs  tested are shown I n  f igures 2 t o  4. Rotor conf lgura- 
t i o n  I was a t lp -cont ro l led  r o t o r  w i t h  a 12.5-percent span p i tchab le  t l p  sec- 
t i o n .  The blade ( f i g .  2) was 15.3 m long, tapered, untwlsted, and mounted 
w l t h  a p i t c h  angle of 0" r e l a t i v e  t o  the plane o f  r o t a t i o n .  I t  consisted of  
two sections; a 12.22-m Inboard sect ion and a 3.08-m t r a n s l t l o n / t i p - c o n t r o l  
sect lon.  The Inner sect ion o f  the  blade was constructed o f  laminated wood and 
covered w l t h  a polyurethane pa in t .  I t  had a t runcated chord over the Inner 
4 m. The outer sect ion of the blade u t i l i z e d  a NACA 23024 a l r f o l l  sect ion and 
had smooth and r i g i d  surfaces. The t r a n s l t l o n / t l p - c o n t r o l  sect ion was con- 
st ructed o f  sheet metal over r l b s  and covered w l t h  a polyurethane pa ln t .  I t  
a lso  u t l l l z e d  a kACA 23024 a i r f o i l  sect lon and had smooth and r i g i d  surfaces. 
For these tests  the t i p  sect ion was set t o  a p i t c h  angle of  0". 
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Rotor conf igurat ion I 1  was an a i le ron-cont ro l led  r o t o r  w l th  20-percent 
chord a i lerons.  The blade ( f i g .  3) was 19.5 m long, tapered, untwisted, and 
mounted w i th  a p i t c h  angle of  0" r e l a t i v e  t o  the plane o f  ro ta t ion .  I t  a lso  
consisted o f  two sections; a 1 2 . 2 2 4  sect ion and a 7 . 8 8 4  a i l e r o n - t i p  section. 
The inner sect ion i s  i den t i ca l  t o  t h a t  o f  con f igura t ion  I and mounted w i t h  a 
0" p i t c h  angle r e l a t i v e  t o  the plane o f  ro ta t i on .  The a i l e r o n - t i p  sect ion was 
c o n s t r x t e d  o f  f iberg lass  c l o t h  over foam and covered w t th  a polyurethane 
pa in t .  The a i lerons spanned the outer 30 percent o f  the blade and were 
def lected a t  too (a i l e ron  t r a i l i n g  edge toward high-pressure s ide o f  a i r f o i l ) .  
The a i l e r o n - t i p  sect ion u t i l i z e d  a NACA 23024 a i r f o i l  sect ion and had smooth 
and r i g i d  surfaces. 

Rotor conf igurat ion I11 was an a i le ron-cont ro l led  r o t o r  u t i l i z i n g  38-percent 
chord a i lerons.  The blade ( f i g .  4) was 19.5 m long w i t h  twis ted and var ied 
a i r f o i l  sections. I t  a lso consisted of  a 12 .224  inboard sect ion and a 7.28-111 
a l l e r o n - t i p  section. The inboard sect ion was i d e n t i c a l  t o  tha t  o f  configura- 
t ions  I and I 1  where the blade was mounted wi th  a 0" p i t c h  angle r e l a t i v e  t o  
the plane o f  ro ta t i on .  The a i l e r o n - t i p  sect ion was constructed of sheet metal 
over r i b s  and covered w i t h  a polyurethane pa in t .  These provided smooth and 
r i g i d  surfaces. This sect ion o f  the blade u t i l i z e d  NACA 64 ser ies a i r f o i l s  
and was twisted. The blade t w i s t  was as fo l lows:  NACA 64-624 w i th  a 3" t w i s t  
a t  s ta t i on  13.09 ranging t o  a NACA 64-615 w l t h  a 1" t w i s t  a t  s ta t i on  19.20. 
As spec i f ied  i n  the p lan  f o r  a previous tes t ,  the  leadlng edge o f  t h i s  sect ion 
had a t r i p  s t r i p  t o  cause ea r l y  t r a n s i t i o n  i n  the boundary layer  from laminar 
t o  tu rbu len t .  This t r i p  s t r i p  remained on the sect ion dur ing tes t tng  o f  pre- 
c i p i t a t i o n  e f fec ts .  The a i lerons spanned the outer- 30 percent o f  the blade 
and were set t o  a de f l ec t i on  angle o f  0". A shor t  t r a n s i t i o n  sect ion was 
u t i l i z e d  t o  smoothly change from the NACA 23024 t o  the NACA 64-624 a i r f o i l .  

Operating Conditions 

The tes t  data reported I n  t h i s  document were obtained on the Mod-0 wind 
turb ine w i th  the ro to r  operating downwind o f  the tower and i n  cont ro l led  yaw. 
For a l l  r o to r  configurations, yaw alignment o f  the wind tu rb ine  was maintained 
t o  w i t h i n  ?5" of  the wind d i rec t i on .  Rotor conf lgura t lon  I was operated a t  a 
nominal 31 rpm ro to r  speed. Rotor conf lgurat ions 11 and I11 were operated a t  
a nominal 20 rpm ro to r  speed. I n  a l l  conf igurat ions the cont ro l  surfaces were 
f i x e d  i n  pos l t i on  dur jng these tests :  the conf igura t ion  I t i p  was set a t  0". 
the conf igurat ion I 1  a l l e ron  was set  a t  t8O, and the conf igura t ion  111 a i le rons  
were set  a t  0" .  

Test Measurements 

Wind turb ine operating data were taken from sensors mounted on the wind 
tu rb ine  or I n  the cont ro l  room. These data included a l te rna to r  power, r o t o r  
rpeed, and yaw angle. Wind data were taken from instruments mounted a t  the 
r o t o r  hub height on an array of f i v e  measuring s t a t i o n  towers, each located 
59.4 m (1.5 ro to r  diameters) from the wind turb ine and spaced 45" apart. For 
a given tes t  run, the tower most near ly  upwind o f  the wind tu rb ine  was selected 
as the reference wind s tat ion.  Both windspeed and wind d i r e c t i o n  were measured 
a t  t h i s  po int .  Atmospheric temperature and barometric pressure data were taken 
from instruments located i n  the cont ro l  room. 
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Rain Measurements 

During performance t e s t s  the occurrence of r a i n  was logged i n  the t e s t  
record f o r  the day by the Mod-0 operator. The I n t e n s l t y  leve ls  of  the r a i n  
f o r  r o t o r  conf igurat ions I and I 1  were q u a l i t a t i v e  as perceived by the operator 
and arsociated w l t h  a per lod of tlme, usual ly  several minutes o r  more. I t  
should be kept i n  mlnd that  the r a i n  I n t e n s i t y  associated f o r  each per lod of  
t lme i s  an ert lmated representat ive value because the  actual  i n t e n s i t y  var ied 
over a s ing le  per iod of  time. For performance t e s t s  on r o t o r  conf lgurat lon 
111, r a i n  i n t e n s i t y  leve ls  were recorded automat ica l ly  by a r a l n f a l !  measuring 
device and entered i n  the Mod-0 database. 

H a i n f a l l  in tens i ty ,  f o r  t h i s  report ,  was def ined i n  terms of rates,  o r  
m / h r  o f  p r e c i p i t a t i o n .  The fo l lowing tab le  def ines three leve ls  o f  r a i n  
i n t e n s i t y .  

Raln i n t e n s i t y  P r e c i p i t a t i o n  rate,' 
leve ls  ~ m / h r  I 

>30 __ _____. ~- i 

.~ - . . . . .- ~~~ __ 
<20 i 

I IL ight  r a i n  1 

20 t o  30 Moderate r a i n  I 

I 

D A l A  PROCESSING 

For th'ls report ,  evaluat ion of the e f f e c t s  o f  p r e c i p i t a t i o n  was l i m i t e d  t o  
e f fec ts  on wind turb ine performance, t h a t  i s ,  power as a func t ion  of  wlndspeed. 
The analysis was based on the averages of  power and windspeed over 2.5 min 
i n t e r v a l s .  This method of  analysis was used f o r  several reasons. One reason 
was t h a t  the average performance over a given t ime per iod represented the energy 
captured a t  various windspeeds. Also, time-averaged data minimized the e f f e c t s  
o f  d istanc? between the meteorological measuring s t a t i o n  and the wind turb ine.  
F i n a l l y .  cor rec t ion  factors f o r  the adjustment of measured a l te rna tor  power t o  
the r o t o r  were eas i l y  appl ied t o  time-averaged data. 

For the data presented i n  t h i s  report ,  the wind tu rb ine  power output was 
adjusted as fo l lows:  a l te rna tor  power was converted t o  r o t o r  power as def ined 
by the appropr iate d r i v e - t r a i n  model, and then corrected t o  sea-level standard 
condi t ions.  

Dr ive Tra in  Loss Correct ion 

Since a l te rna tor  power war recorded and r o t o r  power was needed t o  de f ine  
aerodynamic performance, d r l v e - t r a i n  models were der ived from c a l i b r a t i o n  t e s t s  
t o  def ine the re la t ionsh ip  between r o t o r  power and a l t e r n a t o r  power. Each 
d r i ve - t ra idgenera to r  assembly consisted of  a low-speed shaft,  h e l i c a l  speed 
increaser, high-speed shaft ,  V-bel t  system. and two-speed induct ion generator. 
l h e  d i f f e r e n t  d r i v e - t r a i n  models were required becagse each conf igurat ion had 
d l f f e r e n t  d r i v e - t r a i n  system components o r  operat ing speeds. Models are shown 
as fo l lows f o r  each d r i v e - t r a t n  conf igurat ion:  
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Orlve t r a i n  f o r  conf lgurat lon 1. 

P1 = 1.19 P3 + 10.2 

O r l v e  t r a i n  f o r  conf lgurat lon 11. 

PI = 1.168 Pg + 7.1 

Drive t r a l n  f o r  conf lgurat lon 111. 

P1 = (0.00101 P3 + 1.094) P3 + 8 

where 

P1 ro to r  power, kW 

Pg a l t e r n a t w  power, kW 

.7 

Oenslty Correct lon 

I n  order t o  ad jus t  r o t o r  power t o  sea-level standard condlt lons, the l oca l  
atmospheric pressure and temperature were recorded f o r  each t e s t  run. A s lng le  
cor rec t lon  fac to r  was s u f f l c l e n t  f o r  each t e s t  run, usua l ly  4 h r  i n  length, 
because the atmospherlc condlt lons changed very l l t t l e  durlng t h l s  shor t  per lod 
of tlme. Thus, r o t o r  power was adjusted t o  sea-level standard condlt lons as 
lnd lcated by the fo l low ing  equation: 

- -  p1 TLrc, pi - i0pL 

where 

r o t o r  power, kW 

ro to r  power adjusted t o  sea-level standard condlt lons, kW 

a l r  temperature during t e s t ,  K 

a l r  temperature a t  sea-level standard condlt lons, K 

l oca l  a l r  pressure durlng tes t ,  mm Hg 

a l r  pressure a t  sea-level standard condlt lons, nmn Hg 

EXPERIMENTAL RESULTS 

( 4 )  

Results of the e f f e c t s  o f  p r e c l p l t a t l o n  on wlnd tu rb lne  performance are 
presented i n  the fo l lowing sect ion I n  terms o f  r o t o r  power as a func t lon  o f  
wlndspeed f o r  three ro tc rs  operatlng I n  varlous p r e c l p l t a t i o n  condlt lons. The 
performance data f o r  the three r o t o r  conf lgurat lons are shown graph ica l l y  I n  
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f igures 5 t o  7 . The scatter i n  the data can be a t t r i b u t e d  t o  the f a c t  t h a t  the 
periods and i n t e n s i t i e s  of  r a i n f a l l  were based on q u a l i t a t i v e  observations and 
tha t  possible var la t ions I n  r a i n f a l l  ra tes ranged f r o m  no r a i n  t o  extreme r a i n  
w i t h i n  a period. Despite the v a r i a t i o n  i n  r a i n f a l l  i n tens i t y ,  the per iod was 
speci f ied as having a representative and constant r a i n f a l l  rate.  

Conf i g u r a t i o n  I 

Rotor performance measured i n  terms o f  power as a funct ion of windspeed 
f o r  conf igurat ion I i s  shown i n  f l gu re  5. The f i g u r e  compares data recorded 
dur ing dry weather condlt lons wi th data recorded dur ing l i g h t  t o  moderate ra in -  
f a l l  condit ions and represents -3 hr of  dry  condi t ions and -3 h r  o f  ra iny  con- 
d i t i o n s .  The degradation i n  r o t o r  performance i s  q u i t e  evident a t  windspeeds 
above 6 m/s, where most of the data occurred. 
6 m/s corresponds t o  an angle of  a t tack of 9 O  a t  the 75-percent span s t a t i o n  
f o r  t h i s  ro to r .  There appeared t o  be less o f  an e f f e c t  when the windspeed was 
less than 6 m/s. The data shows t h a t  moderate r a i n f a l l  degraded performance 
by as much as 25 percent i n  the windspeed range shown. 

Neglecting f low retardat ion.  

Conf igurat ion I1  

Rotor performance measured I n  terms of  power as a funct ion of  windspeed 
f o r  r o t o r  conf igurat ion I1 i s  shown i n  f i g u r e  6. 
recorded dur ing dry condit ions w i t h  data recorded dur ing l i g h t  and heavy ra in -  
f a l l  and snow-drizzle condit ions and represents -10 hr  o f  dry condl t lons and 
-6 hr  o f  ra iny  condit ions. The degradation I n  r o t o r  performance as a r e s u l t  
of r a i n  i s  q u i t e  evident a t  windspeeds above 6 m/s, where most o f  the data 
occurred. 
of  1 l 0  a t  the 75-percent span s t a t i o n  f o r  t h i s  ro to r .  
seen t h a t  l i g h t  r a i n  degraded performance by as much as 18 percent wi th high 
winds, whi le heavy r a i n  degraded performance by as much as 27 percent. 
windspeeds, snow and d r i z z l e  condi t ions degraded performance by as much as 33 
percent. 

The f l g u r e  compares data 

Neglecting f l o w  retardat ion,  6 m/s corresponds t o  an angle of  a t tack 
From the data i t  can be 

A t  low 

Conf igurat ion I11 

Rotor performance measured i n  terms of  power as a funct ion o f  windspeed 
f o r  conf igurat ion 111 i s  shown I n  f i g u r e  7. This f i g u r e  compares data recorded 
during dry condit ions t o  data recorded dur ing r a i n f a l l  a t  an average i n t e n s i t y  
leve l  o f  28 m/hr and represents -18 hr  of  dry condi t ions and -0.7 hr o f  ra iny  
condi t ions.  As noted w i t h  conf igurat ion 11, 6 m/s appears t o  be the windspeed 
where r a i n  e f fec ts  become noticeable. Neglecting retardat ion,  6 m/s corre- 
sponds t o  an angle o f  attack of 10' a t  the 75-percent span s t a t i o n  f o r  t h i s  
r o t o r .  The data shows tha t  r a i n  of the ind icated I n t e n s i t y  leve l  degraded 
performance by up t o  24 percent a t  higher windspeeds. 

Several points can be concluded from the experimental data presented. 
F i r s t ,  r a i n  degrades the wind turb ine performance when the NACA 23024 and 
NACA 64 series a l c f o i l s  are used. 
the degradztion I n  performance. Third, the e f f e c t s  of  p r e c i p i t a t i o n  become 
more pronounced as the windspeed increases, corresponding t o  increastng angles 
of  at tack f o r  the blade sections. 

Second, the heavier the r a i n f a l l ,  the more 
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PREDICTION OF RAIN EFFECTS 

An analysis was performed t o  p red ic t  the e f f e c t s  of  r a i n  on wind turb ine 
performance. This was done i n  order t o  c o r r e l a t e  and i n t e r p r e t  the t e s t  data 
and apply the resu l t s  t o  other ro tors .  Conf igurat ion I1 was selected as the 
r o t o r  model. A conventional r o t o r  performance code based on blade-element/ 
momentum theory ( r e f .  4) was used t o  p red ic t  the r o t o r  power as a funct ion o f  
windspeed values. The e f fec ts  of  r a i n  were r e f l e c t e d  I n  the a i r f o i l  l i f t  
c o e f f i c i e n t  (CL) and drag c o e f f i c i e n t  (CD) used by the code. 

Cg values and the det - rminat ion of  whether that method could be used i n  wind 
turb ine performance predic t ions were two c r i t i c a l  Items evaluated i n  conjunc- 
t l o n  w i t h  the data analysis. The method f o r  determining the e f f e c t s  on a i r -  
f o i l  CL and Cg values was derived f r o m  reports published by P. Halnes and 
J .  Luers ( r e f s .  1 t o  3 ) .  I n  these reports Halnes and Luers evaluated, a t  
various r a i n f a l l  rates, the roughness caused by raindrop c ra te r ing  on a t h i n  
water f i l m  and the e f f e c t  o f  water - f i lm waviness on a i r f o i l s .  They equated 
t h i s  roughness t o  an equivalent sand g r a i n  he ight  (Ks ) .  With the Ks value 
nondimensionalized by d i v i s i o n  by the chord length L (Ks/L) ,  they then used 
data from e a r l i e r  research on a i r f o i l  roughness t o  quant i fy  the roughness 
( re fs .  3, 5, and 6)  and t o  determine the associated aerodynamic penal t ies.  

The use of  a method t o  quant i fy  the e f f e c t s  of  r a i n  on a i r f o i l  CL and 

The CL and CD as a funct ion o f  a curves which r e f l e c t  the aerody- 
namic penal t ies caused by r a l n  are shown schematical ly i n  f i g u r e  8. The aero- 
dynamic penal t ies as a r e s u l t  o f  r a i n  were quant i f ied by four character is t ics :  
( 7 )  reduct ion i n  the CL a t  l o w  angles of  at tack,  ( 2 )  reduct ion I n  the maximum 
l i f t  c o e f f i c i e n t  (CL mx), ( 3 )  reduct ion I n  the s t a l l  angle ( a s t a l l ) ,  and 
(4) an increase i n  the drag c o e f f i c i e n t  ( C D , ~ )  a t  a 0" angle of  at tack.  
procedures f o r  manually construct ing the CL and CD as a funct ion o f  a 
curves are deta i led i n  reference 3. 

The 

The curves o f  Ks as a funct ion of  r a i n f a l l  rates f o r  both water-drop 
c ra te r ing  and water- f i lm waviness a t  condi t ions and dimensions t y p i c a l  f o r  
large wind turbines are p l o t t e d  i n  f i g u r e  9. This f i g u r e  was derived from 
data i n  reference 7 and required i n t e r p o l a t i o n  from a r a l n f a l l  r a t e  of  50 
t o  0 m / h r  t o  obtain values i n  the r a i n f a l l  regime i n  whlch the wind turb ine 
operated. 

The aerodynamic penal t ies described i n  the preceding sections were obtained 
f rom references 3, 5, and 6 and are p l o t t e d  I n  f igures 10 t o  13. 
c o e f f i c i e n t  values are presented as r a t i o s  of the l i f t ,  and the change i n  
s t a l l  angle and drag c o e f f i c i e n t  are presepted d l r e c t l y .  Though these curves 
were based on resu l t s  f rom t e s t s  using a hkCA 64 series a i r f o i l ,  i t  was 
assumed f o r  t h i s  report  t ha t  they would a lso apply t o  the NACA 23024 a i r f o i l  
used i n  conf igurat ion 11. 

The l i f t  

A l r f o i l  aerodynamic cha rac te r i s t i cs  as a f fec ted  by r a i n  were determined 
by applying the adjustments mentioned i n  the previous sect ion t o  a basel ine 
a i r f o i l  aerodynamic-characteristic data s e t .  This method i s  described i n  
d e t a t l  i n  the fo l lowing section. The c r i t i c a l  parameter, Ks, was determined 
from f i g u r e  9. The Ks value used i n  determining the aerodynamic penal t ies was 
the larger  o f  the Ks values a t  the appropr iate r a i n f a l l  r a t e  f o r  e i t he r  the 
raindrop c ra te r ing  or  wa te r - f i lm  waviness. Using appropriate Ks values f o r  
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r a i n f a l l  rates of  25, 50, and 100 m / h r  and a chord length (L) o f  1.0 m, Ks/L 
values o f  4.0~10-5, 6.0~10-5, and 1.3~10-4 were obtained f o r  the three ra in -  
f a l l  rates.  With these values and In format ion i n  f igures  10 t o  13, the aerody- 
namlc penal t ies of  ACL, ACL,max, AOstall, and A C D , ~  were determined. 
I n  curves f o r  a s ing le  eleFont a i r f o i l  ( f i g s .  10, 11, and 13) and an a l r f o l l  
w i t h  a 20-percent f l a p  a t  a 20" de f lec t ion ,  l i n e a r  i n te rpo la t i on  waq performed 
t o  obta in  data a t  an 8 O  def lec t ion .  
o were then constructed t o  r e f l e c t  the e f f e c t s  o f  ra in .  

Curves o f  CL and Cg as a func t ion  o f  

The CL and Cg as a func t ion  of a curves used i n  the blade- 
element/momentum code were generated wi th a c u r v e - f i t t i n g  program. 
gram adjusted constmts tha t  def ined the basic a i r f o i l  data by the appropr iate 
aerodynamic penal t ies and empi r i ca l l y  modif ied the p o s t s t a l l  data t o  obta in  
constant r o t o r  torque a f t e r  s t a l l  ( r e f .  8). 

This pro- 

Because the r o t o r  blade was composed o f  two sections (single-element a i r -  
f o i l  and an a l r f o i l  wl th a def lected 20-percent a i le ron) ,  two basel ine curves 
were required. The basel ine CL and CD as a func t ion  of a curves were 
derived from wind tunnel data co l lec ted  a t  Wichi ta State Univers i ty .  The 
aerodynamic penal t ies associated w i t h  the  r a i n  were then appl ied t o  these 
basel ine curves. The resu l t s  o f  the r a i n  e f f e c t s  on the  CL and Cg as a 
func t ion  of  a curves are shown i n  f igures  14  and 15 f o r  the two basel ine 
a i r f o i l s  a t  r a i n f a l l  rates of  0, 25, 50, and 100 mm/hr. 

Using the appropriate CL and Cg as a func t ion  of  o curves, wlnd 
tu rb ine  performance, measured I n  terms o f  r o t o r  power as a func t ion  o f  wlnd- 
speed, was predicted f o r  the  various weather condi t ions.  The resu l t s  o f  these 
predic t ions are shown i n  f i g u r e  16. These pred ic t ions  i nd i ca te  t h a t  r a i n  can 
have a s l g n l f i c a n t  e f f e c t  on wind tu rb ine  performance, even a t  l i g h t  r a i n f a l l  
rates.  The e f fec ts  include both a reduct ion i n  power, w i t h  the highest per- 
centage reduct ion near maximum power, and a decrease i n  the  windspeed where 
maximum power occurs. The basel ine condi t ions achieved a maximum power output 
o f  133 kW a t  a 13.4 m/s windspeed. 

A r a i n f a l l  r a t e  of  25 m/hr reduced the maximum power t o  92 kW a t  a 
12.5 m/s windspeed. This i s  a 31-percent reduct ion o f  maximum power a t  a 
7-percent lower windspeed than t h a t  o f  the  basel ine curve. A r a i n f a l l  o f  
50 n / h r  reduced the maximum power t o  81 kW a t  an 11.6 m/s windspeed. This 
i s  a 38-percent reduct ion i n  maximum power a t  d 13-percent lower windspeed 
than t h a t  o f  the basel ine condi t ion.  F lna l l y ,  a r a i n f a l l  r a t e  o f  100 m/hr 
reduced the maximum power t o  65 kW a t  a 10.7 m/s windspeed. 
51-percent reduct ion I n  maximum power a t  a 20-percent lower windspeed than 
tha t  o f  the basel ine condi t ion.  

This i s  a 

Figure 16 a lso  shows the experimental data along w i th  the predic ted 
data. The experimental data f o r  r a i n f a l l  ra tes estimated t o  be i n  the 20 t o  
30 m / h r  range ind ica te  a decrease o f  18 percent t o  27 percent of maximum 
power a t  a windspeed of  10 m/s. These percentages are i n  the  range o f  25 
percent predicted f o r  a r a i n f a l l  r a t e  o f  25 m / h r  a t  a windspeed o f  10 m/s. 
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CONCLUDING REMARKS 

The Mod-0 wlnd tu rb lne  was operated l n  d ry  weather condl t lons and dur ing 
periods o f  p r e c l p l t s t l o n .  
were measured for  three d l f f e r e n t  r o t o r  conf lgurat lons.  The three r o t o r  con- 
f l gu ra t l ons  d l f f e r e d  I n  a l r f o l l  shape, Reynolds number, and surface roughness; 
yet  a l l  c l e a r l y  show r o t o r  performance degradatlon dur lng p r e c l p l t a t l o n .  From 
the measured performance data, I t  appears t h a t  the e f f e c t s  o f  p r e c l p l t a t l o n  
seem t o  become more pronounced as the wlndspeed and correspondlng angle o f  
a t tack increase. The data a l so  shows t h a t  even a l l g h t  r a l n f a l l  can measurably 
degrade r o t o r  performance. f o r  one p a r t l c u l a r  r o t o r  conf lgurat lon,  r o t o r  per- 
formance was degraded -18 percent o f  the basel lne l e v e l  a t  r a l n f a l l  ra tes o f  
20 m / h r  or  less and -27 percent o f  the basel lne l e v e l  a t  r a i n f a l l  ra tes o f  
30 m / h r  o r  greater.  

The e f fec ts  o f  p r e c l p l t a t l o n  on r o t o r  performance 

An analysls was performed t o  p r e d l c t  the e f f e c t s  o f  p r e c l p l t a t l o n  on wlnd 
tu rb lne  r o t o r  power f o r  the 20-percent chord a l l e ron -con t ro l l ed  r o t o r  conf lgu-  
ra t i on .  A performance p r e d l c t l o n  code based en blade-element/momentum theory 
was used. Inherent I n  the analys is  was the evaluat lon o f  a method developed 
by the Un lve rs l t y  o f  Dayton Research I n s t i t u t e  t o  modlfy the a l r f o l l  l l f t  and 
drag c o e f f l c l e n t s  r e f l e c t l n g  the roughness e f f e c t s  o f  r a l n  on the  a l r f o l l  sur- 
face and I t s  app l l ca t l on  t o  wlnd turbines. The p r e d l c t l o n  shows t h a t  the 
e f f e c t s  o f  p r e c l p l t a t l o n  increase w l t h  lncreas lng wlndspeed and t h a t  peak 
r o t o r  power was reduced by 31 percent I n  a r a l n f a l l  o f  25 m / h r ,  38 percent i n  
a r a l n f a l l  o f  50 mn/hr, and 51 percent I n  a r a l n f a l l  o f  100 m / h r .  The pre- 
d l c ted  r o t o r  performance values and trends agreed w l t h  the  experlmental data. 
Because of  the agreement o f  experimental and predlc ted data, I t  appears t h a t  
the method f o r  ad jus t l ng  the a l r f o l l  l l f t  and drag c o e f f l c l e n t s  t o  account f o r  
r a l n  e f f e c t s  can be appl led t o  wlnd tu rb lne  r o t o r  aerodynamic c h a r a c t e r l s t l c  
modellng. 
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